Summary Gamma irradiations were successfully used to develop the multiple chromosomal interchanges in pearl millet (Pennisetum glaucum L.). A plant showing two interchange complexes was isolated from the M1 population raised from 30 kR irradiated seed progeny. The translocation heterozygote showed ring and chain of one hexavalent as well as one quadrivalent along with two bivalents at diakinesis in majority of pollen mother cells. Some pollen mother cells exhibited pentavalents, trivalents and univalents in varying frequencies. The hexavalent predominantly showed alternate type of segregation when compared with the quadrivalent which exhibited adjacent type of orientation in most of the PMCs. At anaphase-I, the translocation heterozygote displayed various abnormalities such as unequal chromosome distribution, laggards and bridges. Pollen fertility was found to be very low (28.79%).
Pennisetum glaucum L. (pearl millet), a member of grass family, is the most widely cultivated type of millet. It is an important cereal crop and is a good material for cytological analysis as it has comparatively low chromosome number (2n=14) of suitable sizes with better stainability. Pearl millet is rich in essential compounds like proteins, fibers, phosphorous, magnesium and iron. Due to its rich composition of proteins and mineral, pearl millet has many health benefits and is a staple food for many people across the world especially Africa. The production of mutants of this important cereal crop by using either physical or chemical mutagens is of great value for genetic and plant breeding purposes.
Mutagenesis is the most important method of inducing alterations by mutagens in a genotype to enlarge the variability of quantitative characters in shortest period of time and provides a good scope for selection. The application of radiations as a mutagen is of great importance not only to analyze any gene functions through novel mutant isolation, but also to improve global food situations by providing new crop varieties with beneficial traits (Magori et al. 2010) . The gamma rays generally induce DNA lesions by producing free radicals which subsequently damages the cytology, biochemistry, physiology and finally morphology of the plant depending on the intensity and duration of radiation treatment (Verma and Khah 2016) .
Reciprocal translocations or interchange of chromosome segments between two non-homologous chromosomes are one of the most common structural chromosomal rearrangements occurring in plant species. Translocations in plants have been widely described by Burnham (1956) . Induced chromosomal interchanges are a valuable tool for chromosome manipulation and viable translocation lines have immense value in breeding programs of the crop besides its ultimate significance in understanding gene and chromosome relationship of the species. In the present study, a case of multiple translocation heterozygosity has been observed in M1 population following gamma irradiations in pearl millet. The present paper describes the comprehensive meiotic behavior of multiple translocation heterozygote based on configurations and orientations of interchanged chromosomes.
Materials and methods
Dry and healthy seeds of local cultivar of Pennisetum glaucum L. were exposed to nine different doses of gamma irradiations (5, 10, 15, 20, 25, 30, 35, 40, 50 kR) at the Bhabha Atomic Research Centre, Mumbai (BARC). The control and irradiated seeds were sown in pots to raise the M1 generation. For meiotic analysis, young panicles/buds of appropriate sizes were fixed in 1 : 3 acetic alcohol solution for at least 24 h. The anthers of appropriate size were squashed in 2% iron-acetocarmine. Pollen fertility was assessed using acetocarmine stainability test. Microphotographs were taken using temporary preparations with the aid of Olympus Research Microscope.
Results
Pearl millet (Pennisetum glaucum L.) exhibits a somatic complement of 2n=14 with medium size chromosomes. During meiosis, regular seven (n=7) bivalents were observed at diakinesis/metaphase-I, of which six pairs form ring bivalents and remaining seventh pair forms a rod bivalent (Fig. 1A) . At anaphase-I, a clear segregation of 7 : 7 chromosomes (Fig. 1B) was seen followed by normal cytokinesis and regular formation of tetrads. Pollen fertility was normal (93.42%).
In the present study, we isolated a multiple translocation heterozygote in M1 generation. The translocation heterozygote was isolated in population raised from 30 kR irradiated seeds. The translocation heterozygote was characterized by the presence of one hexavalent, one quadrivalent and two bivalents in almost all the observed pollen mother cells. Besides this, some PMCs showed other configurations such as pentavalents and trivalents along with variable number of univalents and bivalents. The frequency of various chromosomal associations is shown in Table 1 . At diakinesis, out of 772 cells analyzed, CVI+RIV+2II configuration was observed in most of the PMCs (51.42%) followed by CIV+CVI+2II (18.52%) and RVI+RIV+2II (16.58%). In addition to hexavalents and quadrivalents, pentavalents and trivalents were also found in some PMCs and they mostly appeared at diakinesis accompanied by one univalent. Both the configurations were observed in pollen mother cells in which quadrivalent was also found suggesting only hexavalent give rise to trivalents and pentavalents. Furthermore, the meiotic observation of pentavalents showed that they are always accompanied by a tetravalent, univalent and two bivalents which also indicate that they appeared as a result of weak pairing of one of the translocated terminal bivalent in a hexavalent interchange complex.
Anaphase I showed various abnormalities as well, although in a large percentage of PMCs, chromosomes showed normal segregation (39.79%). Besides this, 42.41% of cells had unequal distribution of chromosomes (other than 7 : 7) in which 32.46% showed 6 : 8 distribution (Fig. 1K ) and 9.95% displayed 5 : 9 distribution (Fig. 1L ). However, a considerable amount of cells showing laggards and chromatin bridges were also observed. The frequency of various anaphasic abnormalities is given in Table 2 .
The plant was reduced in height as it showed decreased growth and vigor as compared to the normal counterparts. Pollen fertility was reduced to just 28.79% compared with 93.42% in the control set ( Table 3 ). The plant was sterile with complete absence of seed set.
Discussion
In the present study, a multiple interchange heterozygote in pearl millet (Pennisetum glaucum L.) was isolated from gamma ray treated seed progeny. In this laboratory, a number of translocation lines have been isolated with the help of gamma irradiations in various crop plants such as Vicia faba (Verma and Rao 1994) , Pisum sativum (Verma and Goyal 2012) and Safflower (Verma and Shrivastava 2014) . The present study describes the cytological behaviour of induced multiple translocation heterozygote and analyses the probable causes for peculiar observations.
At diakinesis, the association of chromosomes in ring and chain of four and six chromosomes, as well as the presence of the bivalents and univalents in varying frequency clearly suggested a multiple translocation heterozygote involving two concurrent interchanges between two and three non-homologous chromosomes. The translocation heterozygote has been observed in 30 kR gamma irradiation treated progeny. The study once again confirmed that gamma irradiation can be efficiently utilized for isolating multiple translocation heterozygotes in pearl millet as has been reported in many previous studies (Jauhar 1974 , Lal and Srinivasachar 1979 , Brar and Minocha 1982 , Kumar and Singh 2003 . The study also indicates that pearl millet is an ideal material for synthesis of multiple translocation stocks and studying their behavior during meiosis in subsequent generations.
The chromosome orientation of multivalents at diakinesis/metaphase-I is critical. A number of factors are responsible that affect the frequency and type of multivalent formation at meiosis which include morphology of the chromosomes involved in the translocation, the length of the translocated segments and the arm ratio (Sanamyan and Rakhmatullina 2003) . In the present case, the quadrivalent in most of the pollen mother cells frequently occurred in the form of translocation rings indicating that the break points might be located close to the centromere as the exchange segments of the chromosomes involved appeared to be more or less of equal length (Lal and Srinivasachar 1979) . In the present case, hexavalent interchange complex which resulted from reciprocal translocations involving segments of three non-homologous chromosomes showed preponderance of chain or open ring interchange complex. It is interesting to note that in addition to chain and ring orientation of hexavalents, a frequent amount of pollen mother cells showed many other orientations which include figure eight-shaped (Fig. 1F) , frying pan shaped (Fig. 1J) and sometimes exhibits zigzag arrangement. In maize, Burnham (1962) found a general relationship between the frequencies of various configurations at diakinesis and the relative lengths of the interchanged segments and concluded that the shorter the segment the more likely it is to fail to pair with the homologous segment. Kaul (1977) observed in Allium cepa that the exchanged chromosomal pieces were relatively short and therefore chain interchange complexes were formed. Zaman and Rai (1972) also mentioned that if one of the exchanged pieces is relatively long and the other is short, more chain interchange complexes are expected. Moreover, if chiasmata are not formed in all the arms, chains instead of rings are produced (Burnham 1956 , Rickards 1983 .
The comparative meiotic analysis of quadrivalents and hexavalents of the translocation heterozygote clearly suggested that hexavalents are meiotically unstable. In present investigation, hexavalents loses its pairing property at some places and giving rise to trivalents, tetravalents, pentavalents, and even sometimes produce three separate bivalents due to chiasma destabilization. The hexavalent interchange complex might contain the nucleolar chromosome as most of the pollen mother cells showed hexavalents attached to the nucleolus (Fig. 1C,  G) . The pairs of trivalents observed at diakinesis as the chains of three chromosomes in some pollen mother cells were always accompanied by a quadrivalent and two bivalents. This suggests that the trivalents were produced due to the early failure of chiasma and terminalization of the hexavalent interchange complex and gets dissociated into two trivalents. In case of pentavalents, the pollen mother cells were always accompanied by a univalent.
The meiotic characterization of interchanges involving most of the chromosomes of a haploid complement in one or two complexes have been found to show the increased frequency of unequal chromosome segregation (Brar and Minocha 1982) . Therefore, it is obvious that multiple interchange heterozygotes could be efficiently utilized frequently for isolating trisomics as well as tetrasomics in further generations.
The distribution and behavior of chromosomes at anaphase I was almost normal. However, frequent amount of PMCs also had unequal distribution of chromosomes, laggards and bridges which can mainly be attributed to the inability of the multivalents to separate properly. Sometimes adjacent orientations also seem to be responsible for the formation of laggards where there is always a possibility of unequal and delayed separation (Kumar and Singh 2003) . The laggards at some places fail to reach the poles and subsequently give rise to the formation of micronuclei during telophasic and tetrad stages of meiotic division.
The orientation of interchange complex at metaphase I has a great bearing on the fertility of interchange heterozygote (Verma and Raina 1990) . Alternate I and II segregation give rise to fertile gametes while adjacent I and II give rise to nonviable duplication and deficiency gametes. When these two types of segregations are of equal frequency, the result is semi-sterility (Endrizzi 1974) . Kaul (1977) has also suggested that the gametic lethality in a translocation heterozygote is dependent upon the distribution of the four chromosomes in a ring or a chain configuration at anaphase I. Burnham (1962) mentioned that the negative genetic effect of mutagen on pollen fertility may be due to cumulative effects of various meiotic abnormalities. Brar and Minocha (1982) observed that pollen sterility is associated with the size of the chromosome ring and concluded that increased size of ring is directly proportional to the increased pollen sterility. Even though the present interchange heterozygote showed predominant alternate type of segregation, the large number of chromosomes involved in translocation complexes was responsible for meiotic instability and increased frequency of deficiency-duplication gametes which in turn are prime causes of complete seed sterility of the plant. Conclusively, it is expected that if such multiple interchange heterozygotes are established by eliminating sterility barrier with innovative techniques, they could be efficiently utilized for obtaining novel gene combinations through aneuploid offspring which in turn could be used in further cytological and breeding programs.
